Most ancient specimens contain very low levels of endogenous DNA, precluding the shotgun sequencing of many interesting samples because of cost. Ancient DNA (aDNA) libraries often contain <1% endogenous DNA, with the majority of sequencing capacity taken up by environmental DNA. Here we present a capture-based method for enriching the endogenous component of aDNA sequencing libraries. By using biotinylated RNA baits transcribed from genomic DNA libraries, we are able to capture DNA fragments from across the human genome. We demonstrate this method on libraries created from four Iron Age and Bronze Age human teeth from Bulgaria, as well as bone samples from seven Peruvian mummies and a Bronze Age hair sample from Denmark. Prior to capture, shotgun sequencing of these libraries yielded an average of 1.2% of reads mapping to the human genome (including duplicates). After capture, this fraction increased substantially, with up to 59% of reads mapped to human and enrichment ranging from 6-to 159-fold. Furthermore, we maintained coverage of the majority of regions sequenced in the precapture library. Intersection with the 1000 Genomes Project reference panel yielded an average of 50,723 SNPs (range 3,243) for the postcapture libraries sequenced with 1 million reads, compared with 13,280 SNPs (range 217-73,266) for the precapture libraries, increasing resolution in population genetic analyses. Our whole-genome capture approach makes it less costly to sequence aDNA from specimens containing very low levels of endogenous DNA, enabling the analysis of larger numbers of samples.
Introduction
With the advent of next-generation sequencing techniques and the rapidly declining cost of sequencing, the field of hominin paleogenetics has begun to transition from focusing on PCR-amplified mitochondrial DNA and Y chromosomal markers to shotgun sequencing of the whole genome. [1] [2] [3] [4] [5] [6] [7] [8] The use of autosomal DNA is advantageous because it provides information about the genome as a whole, whereas the mitochondrial DNA (mtDNA) and Y chromosome, as nonrecombining markers, represent only a single maternal or paternal lineage. Wholegenome sequencing of single ancient genomes, including Neandertals, 1 Denisovan, 7,9 a Paleo-Eskimo, 2 the Tyrolean Iceman, 4 and an Australian Aborigine, 3 have transformed our understanding of human migrations and revealed previously unknown admixture among ancient populations. Importantly, most of these specimens were exceptional in their levels of preservation: the Neandertal and Denisovan bones, found in caves, contained~1%-5% 1 and 70% 7,9 endogenous DNA, respectively, and the PaleoEskimo and Aborigine genomes were obtained from hair specimens, which generally contain lower levels of contamination 10 but are not available in most archaeological contexts. Indeed, sequencing libraries derived from bones and teeth from temperate environments typically contain <1% endogenous DNA, 6 with the remaining 99% primarily consisting of DNA from environmental contaminants such as bacteria and fungi. Although some samples with 1%-2% endogenous DNA can still, with sufficient sequencing, yield enough information for population genetic analyses, 5, 6 the required amount of sequencing of specimens with less endogenous DNA is costly and thus untenable for many researchers. Ancient DNA (aDNA) researchers have begun to address this issue for hominin genomes by using targeted capture to enrich for only the mtDNA, selected regions of the genome, or a single chromosome. 8, [11] [12] [13] However, because of the technique would target as much of the endogenous genome as possible so as not to discard any potentially informative sequences.
In the present study, we use a method we call wholegenome in-solution capture (WISC) as an unbiased means to increase the proportion of endogenous DNA in aDNA sequencing libraries. To target as much of the remaining endogenous DNA as possible, we created human genomic DNA ''bait'' libraries from a modern reference individual with adapters containing T7 RNA polymerase promoters (see Material and Methods). We then performed in vitro transcription of these libraries with biotinylated UTP, producing RNA baits covering the entire human genome. Analogous to current exome capture technologies, 14 these baits were hybridized to aDNA libraries in solution and pulled down with magnetic streptavidin-coated beads. The unbound, predominantly nonhuman DNA was then washed away, and the captured endogenous human DNA was eluted and amplified for sequencing. Figure 1 shows a schematic overview of the WISC process, including the creation of the RNA bait libraries. By using both baits and adaptor-blocking oligos made from RNA, we were able to remove any residual baits and blockers by RNase treatment prior to PCR amplification.
Material and Methods

Ancient Specimens
The four Bulgarian teeth used in this study were obtained from four different excavations.
Figure 1. Schematic of the Whole-Genome In-Solution Capture Process
To generate the RNA ''bait'' library, a human genomic library is created via adapters containing T7 RNA polymerase promoters (green boxes). This library is subjected to in vitro transcription via T7 RNA polymerase and biotin-16-UTP (stars), creating a biotinylated bait library. Meanwhile, the ancient DNA library (aDNA ''pond'') is prepared via standard indexed Illumina adapters (purple boxes). These aDNA libraries often contain <1% endogenous DNA, with the remainder being environmental in origin. During hybridization, the bait and pond are combined in the presence of adaptor-blocking RNA oligos (blue zigzags), which are complimentary to the indexed Illumina adapters and thus prevent nonspecific hybridization between adapters in the aDNA library. After hybridization, the biotinylated bait and bound aDNA is pulled down with streptavidin-coated magnetic beads, and any unbound DNA is washed away. Finally, the DNA is eluted and amplified for sequencing. 18 A molar from one individual, probably male, was used for DNA analysis.
Other specimens are as follows. Sample M4 is an ancient hair sample obtained from the Borum Eshøj Bronze Age burial in Denmark. The burial comprised three individuals in oak coffins, commonly referred to as ''the woman,'' ''the young man,'' and ''the old man.'' The M4 sample is from the latter. The site was excavated in 1871-1875 and the coffins dated to c.1350 BC. 19 Samples NA39-50 were obtained from pre-Columbian Chachapoyan and Chachapoya-Inca remains dating between 1000 and 1500 AD. They were recovered from the site Laguna de los Condores in northeastern Peru. 20 Bone samples were used for DNA analysis.
DNA Extraction and aDNA Library Preparation
All DNA extraction and initial library preparation steps (prior to amplification) were performed in the dedicated clean labs at the Centre for GeoGenetics in Copenhagen, Denmark, via established procedures to prevent contamination, including the use of indexed adapters and primers during library preparation. 2, 21, 23 The lab work was conducted over an extended time period and by a number of different researchers, which is why the exact protocols vary somewhat between samples.
Bulgarian Samples
The surface of each tooth was wiped with a 10% bleach solution and then UV irradiated for 20 min. Part of the root was then excised and the inside of the tooth was drilled to produce approximately 200 mg of powder. DNA was isolated with a previously described silica-based extraction method. 24 The purified DNA was subjected to end repair and dA-tailing with the Next End Prep Enzyme Mix (New England Biolabs) according to the manufacturer's instructions. Next, ligation to Illumina PE adapters (Illumina) was performed by mixing 25 ml of the end repair/dA-tailing reaction with 1 ml of PE adapters (5 mM) and 1 ml of Quick T4 DNA Ligase (NEB). The mixture was incubated at 25 C for 10 min and then purified with a QIAGEN MinElute spin column according to the manufacturer's instructions (QIAGEN). Finally, the libraries were amplified by PCR by mixing 5 ml of the DNA library template with 5 ml 103 PCR buffer, 2 ml MgCl 2 (50 mM), 2 ml BSA (20 mg/ml), 0.4 ml dNTPs (25 mM), 1 ml each primer (10 mM, inPE þ multiplex indexed 23 ), and 0. ) were ligated to the end-repaired DNA in 25 ml reactions. The reaction was incubated for 15 min at 20 C and purified with PB buffer on QIAGEN MinElute columns before being eluted in 20 ml EB Buffer. The adaptor fill-in reaction was performed in a final volume of 25 ml and incubated for for 20 min at 37 C followed by 20 min at 80 C to inactivate the Bst enzyme. The entire DNA library (25 ml) was then amplified and indexed in a 50 ml PCR reaction, mixing with 5 ml 103 PCR buffer, 2 ml MgSO 4 (50 mM), 2 ml BSA (20 mg/ml), 0.4 ml dNTPs (25 mM), 1 ml of each primer (10 mM, inPE forward primer þ multiplex indexed reverse primer), and 0.2 ml Platinum Taq High Fidelity DNA Polymerase (Invitrogen). Thermocycling was carried out with 5 min at 95 C, followed by 25 cycles of 30 s at 94 C, 20 s at 60 C, and 20 s at 68 C, and a final 7 min elongation step at 68 C. The amplified library was then purified with PB buffer on QIAGEN MinElute columns, before being eluted in 30 ml EB. One microliter of this T7 adaptor stock was used for the ligation reaction, again according to the library preparation kit instructions (KAPA). The libraries were then size selected on a 2% agarose gel to remove unligated adapters and select for fragments~200-300 bp in length (inserts~120-220 bp). After gel extraction with a QIAquick Gel Extraction kit (QIAGEN), the libraries were PCR amplified in four separate reactions with the following components: 25 ml 
Preparation of RNA Bait Libraries
In Vitro Transcription of Bait Libraries
To transcribe the bait libraries into biotinylated RNA, we assembled the following in vitro transcription reaction mixture: 5 ml amplified library (~500 ng), 15.2 ml H 2 O, 10 ml 53 NASBA buffer (185 mM Tris-HCl [pH 8.5], 93 mM MgCl 2 , 185 mM KCl, 46% DMSO), 2.5 ml 0.1 M DTT, 0.5 ml 10 mg/ml BSA, 12.5 ml 10 mM NTP mix (10 mM ATP, 10 mM CTP, 10 mM GTP, 6.5 mM UTP, 3.5 mM biotin-16-UTP), 1.5 ml T7 RNA Polymerase (20 U/ml, Roche), 0.3 ml Pyrophosphatase (0.1 U/ml, NEB), and 2.5 ml SUPERase-In RNase inhibitor (20 U/ml, Life Technologies). The reaction was incubated at 37 C overnight, treated for 15 min at 37 C with 1 ml TURBO DNase (2 U/ml, Life Technologies), and then purified with an RNeasy Mini kit (QIAGEN) according to the manufacturer's instructions, eluting twice in the same 30 ml of H 2 O. A single reaction produced~50 mg of RNA. The size of the RNA was checked by running~100 ng on a 5% TBE/ Urea gel and staining with ethidium bromide. For long-term storage, 1.5 ml of SUPERase-In was added, and the RNA was stored at À80 C.
Preparation of RNA Adaptor-Blocking Oligos All of the aDNA libraries that we used for testing the enrichment protocol contained indexed multiplex adapters (see ''DNA Extraction and Library Preparation'' above). To block these sequences and prevent nonspecific binding during capture, we created adaptor-blocking RNA oligos, which can be produced in large amounts and are easy to remove by RNase treatment when capture is complete. The following oligonucleotides were annealed as described above: T7 universal promoter (5 0 -AGTACTAATACGACT
, the latter containing random nucleotides at the site of the index sequence, which allows the same adaptor-blocking oligos to be used for all libraries.
For each of these double-stranded oligonucleotide solutions, 700 ng was subjected to in vitro transcription with a T7 High-Yield RNA Synthesis kit (NEB) according to the manufacturer's instructions. After treatment with 1 ml of TURBO DNase (37 C/15 min), the RNA was purified with an RNeasy Mini kit according to the manufacturer's instructions, except that 675 ml of ethanol (instead of 250 ml) was added at step 2 of the protocol to ensure the retention of small RNAs. The RNA was eluted in 30 ml H 2 O, to which 1.5 ml of SUPERase-In was added prior to storage at À80 C.
DNA Capture
Hybridization The in-solution capture method was adapted from a protocol for exome capture. 14 For the ancient DNA ''pond'' (the mixture to which the RNA bait will be hybridized), 27 ml of each aDNA library (81-550 ng depending on the library) was mixed with 2.5 ml human Cot-1 DNA (1 mg/ml, Life Technologies) and 2.5 ml salmon sperm DNA (10 mg/ml, Life Technologies) in 200 ml PCR tubes. The RNA baits and adaptor-blocking oligos were mixed in a separate 1.5 ml tube as follows: for each capture, 1 ml (500 ng) biotinylated RNA bait library, 3 ml SUPERase-In, 2 ml P5 multiplex block RNA (100 mM stock, see above), and 2 ml P7 multiplex block RNA (100 mM stock, see above). The DNA pond was heated in a thermal cycler to 95 C for 5 min, followed by 65 C for 5 min.
When the DNA had been at 65 C for 2.5 min, the RNA bait mix was heated to 65 C for 2.5 min in a heat block. After the pond DNA had been at 65 C for 5 min, 26 ml of prewarmed hybridization buffer (103 SSPE, 103 Denhardt's, 10 mM EDTA, 0.2% SDS, and 0.01% Tween 20) was added, followed by 8 ml RNA bait/block mix to produce a 66 ml total reaction. The reaction was mixed by pipetting, then incubated at 65 C for~66 hr.
Pulldown
For each capture reaction, 50 ml of Dynabeads MyOne Streptavidin C1 beads (Life Technologies) was mixed with 200 ml bead wash buffer (1 M NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA, and 0.01% Tween 20), vortexed for 30 s, then separated on a magnetic plate for 2 min before supernatant was removed. This wash step was repeated twice and after the last wash the beads were resuspended in 134 ml bead wash per sample. Next, 134 ml of bead solution was added to the 66 ml DNA/RNA hybridization mix, the solution was vortexed for 10 s, and the mix was incubated at room temperature for 30 min, vortexing occasionally. The mixture was then placed on a magnet to separate the beads and the supernatant was removed. The beads were incubated in 165 ml low-stringency buffer (13 SSC/0.1%SDS/0.01% Tween 20) for 15 min at room temperature, followed by three 10 min washes at 65 C in 165 ml prewarmed high-stringency buffer (0.13 SSC/0.1% SDS/0.01% Tween 20). Hybrid-selected DNA was eluted in 50 ml of 0.1 M NaOH for 10 min at room temperature, then neutralized by adding 50 ml 1 M Tris-HCl (pH 7.5). Finally, the DNA was concentrated with 1.83 AMPure XP beads, eluting in 30 ml H 2 O.
Amplification
The captured pond was PCR amplified by combining the 30 ml of captured DNA with 50 ml 23 NEB Next Master Mix, 0. 
Mapping and Data Analysis
Prior to mapping, paired-end reads were merged and adapters were trimmed with the program SeqPrep with default settings, including a length cutoff of 30 nt. The merged reads and trimmed unmerged reads were mapped separately to the human reference genome (UCSC Genome Browser hg19) with BWA v.0.5.9, 25 with seeding disabled (-l 1000). Duplicates were then removed from the combined bam file with samtools 26 (v.0.1.18) and reads were filtered for mapping qualities R30.
For the postcapture libraries, we noted that there were a small number of fragments with the exact same lengths and mapping coordinates (primarily mapping to the mtDNA) in multiple libraries. Because we performed the captures and amplifications separately for each library prior to sequencing, the most parsimonious explanation for this observation is that the high clonality of the libraries led to mixed clusters on the sequencer and some misassignments of index sequences, despite the spike-in of PhiX described above. This phenomenon has been previously reported for multiplexed libraries and is probably exacerbated by high levels of clonality. 27 To correct for this issue, any potentially cross-contaminating fragments (defined as those with the same lengths and mapping coordinates in more than one library) were removed bioinformatically with an in-house bash script and BEDTools. 28 For downsampling experiments, the initial fastq file was reduced to the desired number of reads and then the reads were mapped as described above. Overlap between the pre-and postcapture libraries was assessed with BEDTools. Coverage plots were created with Integrative Genomics Viewer. 29 DNA damage tables were generated with mapDamage 2.0. 30 Overlap with repetitive regions of the genome was determined by intersecting with the RepeatMasker 
Results
We tested WISC on 12 human aDNA libraries derived from non-frozen-preserved specimens: four Iron and Bronze Age human teeth from Bulgaria, seven pre-Columbian human mummies from Peru, and one Bronze Age human hair sample from Denmark. The DNA was extracted and the libraries built in a dedicated clean room (see Material and Methods). Shotgun sequencing prior to capture indicated that all libraries contained low levels of endogenous DNA (average 1.2%, range 0.04%-6.2%; see Table 1 ). To allow for direct comparison, the numbers of reads in the preand postcapture libraries were adjusted to be equal prior to mapping by taking the first n reads from the respective raw fastq files (Table 1 ). In the case of the hair and bone libraries, the results for 1 million reads are shown for ease of comparison with the tooth libraries. Prior to mapping, the paired-end reads were merged where possible, any remaining adaptor sequence was trimmed from the merged and unmerged reads, and reads containing only adaptor sequence (i.e., adaptor dimers) were discarded. As shown in Table 1 , whole-genome capture decreased the number of reads discarded at this step, reducing the sequencing capacity taken up by these uninformative sequences, which are common contaminants in aDNA sequencing libraries.
After capture, we observed enrichments ranging from 6-fold to 159-fold for number of reads mapping to the human genome at MAPQ R 30, resulting in 1.6%-59.2% of reads mapping after capture. For unique fragments, we observed enrichments of 2-fold to 13-fold (Table 1) ; however, the fraction of unique reads changes with different amounts of sequencing and also is sensitive to the level of complexity of the original library (Figures 2A and 2B and Figure S1 available online) . The level of enrichment was negatively correlated with the amount of endogenous DNA present in the precapture library-the higher the amount prior to capture, in general, the lower the degree of enrichment (e.g., samples P192-1 and NA42; see Table 1 ). This phenomenon has previously been observed for the enrichment of pathogen DNA in clinical samples. 36 The number of unique reads increased in all cases; however, even after sequencing of 1 million reads, most of the unique molecules in the postcapture libraries had already been observed, as evidenced by the high levels of clonality (66%-96%) in these libraries. We generally captured a large proportion (15%-90%) of the endogenous fragments observed in the precapture libraries (Table 1 ). This number also increased with additional sequencing (see Figure 2C and discussion below). We observed only a slight increase in the percent of fragments falling within known repetitive regions of the genome (Table 1) , with the average increasing from 36% precapture to 39% postcapture. There was no obvious correlation with the amount of starting DNA in the sample. Thus, at least for libraries containing very low levels of endogenous DNA, biased enrichment of repetitive sequences does not appear to be a problem.
In the postcapture libraries, the unmapped fraction had a similar composition of environmental (primarily bacterial) sequences to the precapture library (data not shown). Importantly for aDNA studies, which have historically relied on identifying mtDNA haplogroups from ancient samples, >13 coverage of the mtDNA was achieved with 1 million reads for 5 of the 12 postcapture libraries (Table 1) . For these five samples, we were able to tentatively call mtDNA haplogroups (Table S1 ). Intersection with the 1000 Genomes Project reference panel 37 demonstrated that capture increased the number of unique SNPs between 2-and 14-fold (Table 1) , increasing the resolution of principal component analysis plots involving these individuals (see Discussion below). We did not observe any bias in X chromosome capture resulting from the use of a male Masai individual (NA21732) for the capture probes: the proportion of reads mapped to the X chromosome remained approximately the same before and after capture (Table S2) . Furthermore, for the 17 total SNPs that changed alleles between the eight pre-and postcapture libraries sequenced to higher levels (0-6 SNPs per sample), only ten SNPs changed from not matching to matching NA21732 after capture (Table S3) . Thus, at least for modern humans, divergence between the probe and target on the population level does not appear to produce significant allelic bias in the postcapture library. However, it is possible that more noticeable effects could be seen for indels or copy number variants if high enough coverage were obtained. To determine how many new unique fragments are discovered with increasing amounts of sequencing, we sequenced the hair and bone libraries to higher coverage The first four samples were adjusted to have identical numbers of pre-and postcapture reads, based on the number of reads obtained from MiSeq sequencing of the postcapture libraries. The last eight samples were adjusted to 1 million reads each for ease of comparison with the first four samples. Prior to mapping, overlapping paired-end reads were computationally merged, and adapters were trimmed from both merged and unmerged reads (note that the number of reads listed after merging and trimming includes both forward and reverse reads for pairs that were not merged). Mapped reads were filtered for mapping qualities there was a rapid initial increase in unique fragments up to approximately five million reads sequenced for both the pre-and postcapture M4 libraries; this increase then slowed with sequencing up to 18.7 million reads ( Figure 2B ). The results from the remaining six libraries are shown in Figure S1 . These plots also demonstrate that the fold enrichment in unique reads decreases with increasing amounts of sequencing (Figures 2A, 2B , and S1), as the precapture library begins to be sampled more exhaustively. Thus, WISC allowed us to access the majority of unique reads present in the postcapture library with even low levels of sequencing, such as those obtainable with a single run on an Illumina MiSeq. We next examined how efficiently we were able to capture endogenous molecules present in the precapture library with higher levels of sequencing. As shown in Figure 2C , for library NA40, 77% (53,524) of unique fragments in the precapture library were also sequenced in the postcapture library with 12,285,216 reads sequenced; note that this fraction was 42% for 1 million reads sequenced (Table 1) . Furthermore, an additional 136,978 unique fragments were sequenced after capture with the same amount of sequencing ( Figure 2C ). These fragments were generally evenly distributed across the genome; Figure 2D shows a coverage plot for libraries M4 and NA40 at a random 10 Mb region of chromosome 1. The size of the fragments in the postcapture libraries tended to be slightly larger ( Figure 2E ), probably because of the stringency of the hybridization and wash steps-which could be decreased but would, we predict, result in lower levels of enrichment-and some loss during purifications, resulting in the preferential retention of longer fragments. Because aDNA is highly fragmented compared to modern contaminants, we tested whether the overall DNA damage patterns (an increase in C-to-T and G-to-A transitions at the ends of fragments, diagnostic of ancient DNA 38 ) also changed with the change in fragment size after capture. We observed that the overall DNA damage patterns remained similar in the pre-and postcapture libraries (Table S4) , both for the libraries as a whole and when they were partitioned by size (<70 bp and >70 bp). The patterns for libraries V2, K8, and M4 are not typical of ancient DNA, possibly because of favorable preservation conditions, sample contamination prior to capture, or both (Table S4) . Finally, the GC content of reads in the postcapture library was slightly decreased ( Figure 2F ), as previously observed for in-solution exome capture. 14 The ultimate goal of sequencing DNA from ancient samples is usually to identify informative variation for population genetics analyses. We used the SNPs identified by intersections with the 1000 Genomes reference panel (see Table 1 and discussion above) to perform principal component analysis (PCA). Only SNPs with a minor allele frequency R5% were used for this analysis. Figure 3 shows the pre-and postcapture PCAs for samples V2 (Bulgarian), M4 (Danish hair), and NA40 (Peruvian mummy); the PCAs for the remaining samples are shown in Figure S2 .
As expected, the two European samples fell into the European clusters on the PCA both before capture ( Figures 3A  and 3C ) and after capture (Figures 3B and 3D) . However, the increased number of SNPs after capture allows for improved resolution of the subcontinental affiliation of each ancient sample ( Figures 3B and 3D) . PCAs with only the European populations in 1000 Genomes further resolve the placement of some of these samples after capture ( Figure S3 ). For the Peruvian mummies, we also included 10 Native American individuals from Central and South America in the PCA (Figures 3E and 3F) . Interestingly, all of the mummies fell between the Native American populations (KAR, MAY, AYM) and East Asian populations (JPT, CHS, CHB), as would be expected for a nonadmixed Native American individual ( Figures 3E, 3F , and S2). These mummies belonged to the pre-Columbian Chachapoya culture, who, by some accounts, were unusually fair-skinned, 39 suggesting a potential for preColumbian European admixture. However, based on our preliminary results, these individuals appear to have been ancestrally Native American.
Discussion
We have developed a whole-genome in-solution capture method, WISC, that can be used to highly enrich the endogenous contents of aDNA sequencing libraries, thus reducing the amount of sequencing required to sample the majority of unique fragments in the library. Previous methods for targeted enrichment of aDNA libraries have focused only on a subset of the genome (e.g., the mitochondrial genome, a single chromosome, or a subset of SNPs). 8, [11] [12] [13] Although these methods have generated useful information while reducing sequencing costs, they all involve discarding a large proportion of potentially informative sequences, often from samples that already contain a reduced representation of the genome. Excluding initial library costs (which are the same for all methods) and sequencing, the cost to perform WISC is approximately $50/sample, primarily because of the cost of the streptavidin-coated beads used for capture. In contrast, in-solution exome capture via a commercial kit is approximately $1,000/sample, and we calculate the previously reported chromosome 21 capture method 8 to have an initial cost of approximately $5,000 (to purchase the nine one-million-feature DNA arrays used to generate the RNA probes), plus a cost of~$50/sample for the actual capture experiments. Finally, if one desired to array-synthesize probes tiled across the entire genome-i.e., a similar approach to the chromosome 21 capture but for the whole genome-we calculate that it would cost~$300,000-$400,000 to purchase the necessary arrays. All of these methods would reduce sequencing costs to a large extent compared to sequencing the precapture library, but, as noted above, several do so at the cost of discarding potentially informative sequences. With regard to the data generated, the most similar method to WISC for aDNA capture is chromosome 21 capture. 8 5, 6 did not contain sufficient endogenous DNA to cover the entire genome, making it impossible to call genotypes for these samples; indeed, >99.9% of sites were covered by 0 or 1 read. Identifying SNPs from these samples is further complicated by the presence of DNA damage, specifically C-to-T and G-to-A transitions. 38 Thus, in order to more confidently identify SNPs, we intersected our data set with a list of known SNPs from the 1000 Genomes reference panel. The likelihood that a damaged SNP will be found at the exact same position and with a matching allele as a SNP from the reference set is quite low, and thus we were able to leverage the identified SNPs to perform informative population genetics analyses without filtering out large subsets of the data (Figures 3, S2 , and S3). A similar approach was taken by two previous studies. 5, 6 It should be noted that a reference panel, preferably with full genome sequence data (although this is not essential), is required for this type of analysis of poorly preserved specimens with low levels of genome coverage. However, because WISC reduces the required amount of sequencing required per library, multiple individuals from the same population can be analyzed, a key consideration for studies focusing on the spatial and temporal distribution of ancient populations.
As shown in Table 1 , we also obtained >13 coverage of the mtDNA for five of the libraries. This number is lower than the typical enrichment achieved when targeting the mtDNA alone via capture, 11 but this is not surprising
given that a wider range of sequences is being targeted. A similar phenomenon was observed in the capture of nuclear and organellar DNA from ancient maize. 40 We were able to tentatively call mtDNA haplogroups for these samples (Table S1 ). The two Bulgarian Iron Age individuals (P192-1 and T2G5) fell into haplogroups U3b and HV(16311), respectively. Haplogroup U3 is especially common in the countries surrounding the Black Sea, including Bulgaria, and in the Near East, and HV is also found at low frequencies in Europe and peaks in the Near East. 41 The three Peruvian mummies fell into haplogroups B2, M (an ancestor of D), and D1, all derived from founder Native American lineages and previously observed in both pre-Columbian and modern populations from Peru. 42 In our experiments, capture yield was limited by the degree of complexity of the starting libraries and could potentially be increased by improved aDNA extraction and library preparation methods. 9, 43, 44 A recently published novel method for single-stranded aDNA library preparation has enabled researchers to obtain highcoverage ancient genomes from ancient hominins 9,44 by retaining many small, damaged DNA fragments that would have been lost in conventional library preparation methods. Although this method is a breakthrough for the field of aDNA, it does not necessarily decrease the cost of sequencing samples with low endogenous DNA contents, because the single-stranded library still contains high levels of contaminating DNA. We predict that the combination of this method and WISC may substantially increase the complexity and endogenous DNA contents of aDNA libraries. However, it will probably be necessary to reduce the stringency of the WISC hybridization conditions in order to retain more of these smaller fragments during capture. Finally, because it is not necessary to design an array for our method (i.e., a sequenced genome is not required), WISC could also be used to capture DNA from specimens of extinct species by creating baits from the genome of an extant relative. The effect of sequence divergence between species on capture efficiency remains to be determined, but chimpanzee-targeted probes have successfully been used to capture human and gorilla sequences. 45 In addition, WISC has applications in other contexts, such as the enrichment of DNA in forensic, metagenomic, and museum specimens.
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